We have used representational difference analysis (RDA) applied to cDNA to isolate transcripts regulated by MEC-3, a transcription factor needed for the differentiation of the six touch receptor neurons in Caenorhabditis elegans. Six percent of 595 cDNAs isolated by cDNA RDA were mec-3-dependent. These cDNAs represented mRNA from two previously known genes, mec-18 and mec-7, and one new gene, mtd-1 (mec-three-dependent). mtd-1 encodes a novel transmembrane protein that is exclusively expressed in the six touch cells throughout development. mtd-1 loss results in a subtle defect in the touch receptor neurons. Neither mtd-1 RNAi nor a putative mtd-1 loss-of-function mutation resulted in touch insensitivity, but both enhanced the touch insensitivity of mec-6(u247), a temperature sensitive allele, at the permissive temperature. q
Introduction
The nematode Caenorhabditis elegans senses gentle touch all along its body through the six touch receptor neurons (Chalfie and Sulston, 1981) . Genetic screens for touch-insensitive mutants have identified several genes required for the development and function of these cells (Chalfie and Sulston, 1981; Chalfie and Au, 1989) . One gene, mec-3, encodes a LIM-homeodomain transcription factor that specifies the cell fate of the touch neurons (Way and Chalfie, 1988) . mec-3 is expressed after the touch neurons are generated and is needed for the expression of many genes needed for mechanosensation (Way and Chalfie, 1989; Xue et al., 1992; Duggan et al., 1998; Zhang et al., 2002) .
Although genetic screens for touch-insensitive mutants have reached saturation (Chalfie and Au, 1989) , several groups of genes could be missed. These genes include those that act redundantly or pleiotropically and genes whose mutations cause slight differences in touch sensitivity or touch supersensitivity. In other experiments, we have used DNA microarrays to identify such genes needed for touch cell development and function (Zhang et al., 2002) .
The usefulness of DNA microarrays is limited by the incompleteness of the set of genes spotted on the arrays. The arrays that we used had spots containing 1 kb fragments from 17 817 of the 18 967 known or predicted C. elegans genes (Jiang et al., 2001) . To identify mec-3-dependent genes that may have been missed in the array experiment, we have used a subtraction technique, representational difference analysis (RDA) applied to cDNAs (Lisitsyn et al., 1993; Hubank and Schatz, 1994; Lisitsyn and Wigler, 1995) .
Results and discussion
We performed cDNA RDA using wild-type cDNA as tester and a mixture of cDNAs from three different mec-3 mutant strains, CB1498, TU6, and TU656, as driver (see Section 3). Difference products were dramatically enriched for the known mec-3-dependent genes -mec-3, mec-4, mec-7 and mec-18 -after two and three rounds of subtraction and polymerase chain reaction (PCR) (Fig. 1) . We used the material from the third round to hybridize onto the DNA microarrays, but were unable to reproducibly identify mec-3-dependent genes (Zhang, Y., Chalfie, M., unpublished data) . cDNA from a fourth round of RDA showed an increase in representation of mec-7 and mec-18 and a decrease in that of mec-3 and mec-4 (data not shown), suggesting that cDNA for abundant RNAs from the touch www.elsevier.com/locate/modo receptor neurons were enriched most efficiently. The conflicting processes of enrichment and competition presumably determine the final collection of cDNAs. We isolated 595 cDNAs obtained after four rounds of RDA, characterized them by colony hybridization and sequencing, and confirmed their mec-3-dependence by Northern blotting. Almost 90% of the cDNAs were of the same transcript, T25C12.3. We could not detect this message on Northern blots using mRNA isolated from wild-type and mec-3 animals (data not shown), and we did not identify this gene as a mec-3-dependent gene in microarray experiments using touch cell-specific RNAs (Zhang et al., 2002) . Approximately three percent of the cDNAs each were from mec-18 and mec-7. The remaining 21 cDNAs represented eight genes (T02G5.4, C33H5.10, T07C4.5, ZK337.5, cyp-7, rpl-18, and two unidentified transcripts). cDNAs for six of the genes (T02G5.4, C33H5.10, T07C4.5, cyp-7, and the two unidentified transcripts) hybridized equally to mRNA prepared from wild-type and mec-3 animals on Northern blots. We did not test rpl-18 by Northern blotting, but did identify it as a potential mec-3-dependent gene in our microarray experiments (Zhang et al., 2002) . The remaining cDNA, ZK337.5, bound to wildtype, but not mec-3, mRNA preparations on Northern blots (Fig. 2) . We have named the gene represented by this cDNA mtd-1 (mec-three-dependent). As with mec-18 and mec-7, mtd-1 produces a relatively abundant mRNA compared to other known mec-3-dependent genes.
mtd-1 maps to chromosome I near the unc-54 gene and at the 3 0 end of cosmid ZK337. Full-length cDNA clones for mtd-1 were isolated from a cDNA library (Okkema and Fire, 1994) using the isolated fragment as probe. The sequencing result indicates that mtd-1 encodes a novel 278-amino-acid polypeptide predicted to have an N-terminal signal sequence, a Cterminal transmembrane domain, and four glycosylation sites (Fig. 3A) . Although mtd-1 was not predicted by the C. elegans genome project, it is now given the designation ZK337.5. Since the start codon, stop codon, and splicing sites in mtd-1 are not unusual, the small size of its exons and the relatively large size of its introns (Fig. 3B ) may explain why the genome project did not predict this gene.
To determine the expression pattern of mtd-1, we inserted a gfp reporter into the last exon of mtd-1, before the sequence for putative C-terminal transmembrane domain. The mtd-1::gfp fusion (TU#677) contains 2.5 kb 5 0 of the start codon, all the introns, all the coding sequence except the sequence for the last 51 amino acids, and a synthetic transmembrane domain (Fig.  4C ). The lacZ coding sequence was similarly inserted to make a mtd-1::lacZ fusion (TU#676) (Fig. 4C ). Both TU#677 and TU#676 are expressed exclusively in the six touch receptor neurons, as identified by their positions and projections, throughout development, beginning in embryogenesis (Fig.  4A) . A mec-3 mutation (u6) abolished the expression of fusion TU#677 (Fig. 4B) , confirming the results of the Northern blot (Fig. 2) . The N-terminal signal sequence and C-terminal transmembrane domain suggest that MTD-1 is a membrane protein. To confirm this subcellular localization, we examined the fusions with and without the sequence for the synthetic transmembrane domain (Fig. 4C) . Except for the absence of the sequences for the synthetic transmembrane domain, fusions TU#678 and TU#675 are equivalent to TU#676 and TU#677, respectively. TU#678 did not generate any staining and TU#675 produced much weaker fluorescence in touch cells compared to TU#677. Since bgalactosidase is inactive outside cells (Fire et al., 1990) Fig. 1. Southern blot analyses of RDA products after two (DP2) and three (DP3) rounds of subtraction and PCR compared to unamplified N2 cDNA. cDNAs of the indicated genes were used as probes for each blot. Fig. 2 . Northern blot of mtd-1. Transcript for initiation factor-1 (inf-1; GenBank accession number Z12116) was used as a loading control. and the green fluorescent protein (Ser65Cys) we used does not function very well outside cells (Fire A., pers. comm.) , these results suggest that most of MTD-1 is extracellular. Presumably, the C-terminal transmembrane domain anchors MTD-1 to the touch cell membrane either at the surface or part of the secretory pathway.
We initially tested the role of MTD-1 in mechanosensation by RNA interference (RNAi). Introduction of mtd-1 dsRNA into wild-type young adults did not generate any detectable phenotype in F1 and F2 progeny. mtd-1 RNAi, however, did enhance the subtle touch-insensitive phenotype (the inability to respond to more than two of four touches) of F1 progeny of mec-6(u247ts) at 15 8C (Fig. 5) , the permissive temperature for this temperature-sensitive mutation (Chalfie and Au, 1989) . In contrast mtd-1 RNAi did not enhance the phenotype of a temperature-sensitive allele of mec-5, another touch gene.
An mtd-1 deletion generated using UV/trimethylpsoralen mutagenesis by the C. elegans Knockout Consortium (elegans.bcgsc.bc.ca/knockout.shtml) produced similar results. mtd-1(ok353) has a 1.2 kb deletion starting in the first intron and ending in the third exon (Fig. 3B) . Because this deletion causes a frameshift such that the resulting predicted protein has only the first 25 amino acids of wild-type MTD-1 (and 141 additional amino acids), mtd-1(ok353) is probably a loss-of-function mutation. mtd-1(ok353) animals are not obviously touch insensitive as larvae or adults. Consistent with these results and with our previous RNAi experiments, mtd-1(ok353) enhanced the touch insensitivity of mec-6(u247ts) (Fig. 5) .
The effects of the deletion mutation and RNAi were apparently identical. This result suggests that, for the touch receptor neurons, RNAi by injection of dsRNA works as well as an apparent knockout. The enhancement of the touch insensitivity of mec-6 by the loss of mtd-1 may indicate that these two genes may be involved in the same or parallel processes. This conclusion is supported by the finding that mec-6 also encodes a membrane protein needed for touch sensitivity (Chelur et al., 2002) .
The subtle phenotype of the loss of mtd-1 explains why mutations in this gene would have been missed in our original mutageneses and demonstrates the usefulness of using RDA for these experiments. Our results also demonstrate a difficulty with this method: while sufficient rounds of RDA are needed to enrich cDNAs, repeated rounds of RDA may enrich some cDNAs (our results suggest that these are one of greatest abundance) at the expense of others. Others have also noted this problem (Hubank and Schatz, 1994; Gurskaya et al., 1996) .
Materials and methods

Nematode strains
All the worm strains were cultured as described by Brenner (1974) . The following strains were used in this work:
[mec-6(u247ts); dpy-5(e61)]; and TU2790 [mtd-1(ok353)]. The last strain was a 3 £ outcrossed version of the original strain obtained by the C. elegans Knockout Consortium (elegans.bcgsc.bc.ca/knockout.shtml).
cDNA RDA
Sucrose flotation was used to collect and clean worms from culture plates. TriReagent (Molecular Research Center) and PolyATract (Promega) were used to isolate total RNA and poly(A) 1 RNA, respectively. Total RNA was treated with DNase I at a concentration of 50 unit/100 ml (Roche) for 2 h at 37 8C to eliminate contamination of genomic DNA fragments during RNA isolation. The firststrand cDNA was synthesized by Superscript II (Gibco) with 1 mg oligo-dT (Gibco) for 1 mg mRNA at 42 8C for 90 min. The second strand cDNA was synthesized by the replacement method (Sambrook et al., 1989) . cDNA from wild-type animals was used as tester and cDNAs from three independent mec-3 mutants were mixed together to prepare driver. Four rounds of subtraction and PCR were performed as described by Hubank and Schatz (1994) except that 20 mg driver was used for each round. The ratios of tester to driver were 1:100, 1:800, 1:40,000, 1:40,000, and subtractive hybridization was performed for 72 h. The generated difference product was cloned into the BamHI site of KS II(2) (Stratagene). -6(u247ts) . In control experiment, u247 animals were injected with injection buffer. Between 309 and 475 F1 progeny were scored for touch insensitivity (defined as not responding to more than two of four touches). As has been described for other RNAi experiments (Fire et al., 1998) , F1 adults display the phenotype less than younger animals. (B) mtd-1(ok353) similarly enhances the touch insensitivity of mec-6(u247) at 15 8C. Touch sensitivity was measured as in the RNAi experiments in mixed stage (L2 larva to young adult) animals. mec-6 animals are also homozygous for the dpy-5(e61) mutation.
Gene expression pattern analysis
TU#675, a mtd-1::gfp construct, was made by subcloning a 6.05 kb SphI-BamHI DNA fragment, which contains genomic DNA sequence for the first 227 amino acids of MTD-1, all the introns and about 2.5 kb of mtd-1 upstream sequence, into pPD 95.77 (a gift from A. Fire). TU#676, a mtd-1::lacZ construct, was made by subcloning the same sequence into TU#687, which was made by inserting a synthetic transmembrane domain from pPD34.110 (Fire et al., 1990 ) into pPD95.57 (a lacZ reporter vector given by A. Fire) cut with KpnI and AgeI. TU#678 (an mtd-1::lacZ construct without the synthetic transmembrane domain) and TU#677 (an mtd-1::gfp construct with the synthetic transmembrane domain) were made by switching the SphI-AgeI fragments of TU#676 and TU#675. For most experiments 75 ng/ml of the reporter construct was coinjected into wild-type young adults with 75 ng/ml of the plasmid pRF4, which contains the sequence for the dominant rol-6(su1006) allele (Mello et al., 1991) . Transformed animals were maintained as stable lines by picking Rol animals onto new plates. For some experiments 75 ng/ml of the reporter construct was coinjected into young adults of MT1642 [(lin-15(n765) ] with 75 ng/ml of DA#735, a lin-15(1) plasmid (Huang et al., 1994) . Transformed strains were maintained by picking Rol or wild-type animals onto new plates. Different stages of worms from stable transformant strains were examined for GFP fluorescence using a Axiophot microscope with a FITC/GFP filter set or were stained for b-galactosidase activity at room temperature for at least 24 h (Fire, 1992) .
RNA interference
Double-stranded RNA, generated with the MegaScript in vitro transcription kit (Ambion) from mtd-1 transcript, was injected at 1 mg/ml into young wild-type, mec-6(u247), and mec-5(u213) adults. The F1 progeny were tested for touch insensitivity as described by Chalfie and Sulston (1981) . The effects on touch sensitivity were not very strong; as a result we scored animals as being touch in-sensitive if they responded to two or fewer touches out of four.
